Central lead-lead collisions at the LHC energies may pose a particular challenge for jet identification as multiple jets are produced per each collision event. We simulate the jet evolution in central PbPb events at √ sNN = 2.76 GeV collision energy with EPOS3 initial state, which typically contains multiple hard scatterings in each event. Therefore the partons from different jets have a significant chance to overlap in momentum space. We find that 30% of the jets with p ⊥ > 50 GeV, identified by the standard anti-k ⊥ jet finding algorithm with jet cone size R=0.3, contain 'intruder' particles from overlapping generator-level jets. This fraction increases with increasing beam energy and increasing R. The reconstructed momentum of the jet differs from that of the modelled jet by the loss due to jet partons which are outside of the jet cone and by the gain due to intruder partons. The sum of both may be positive or negative. These intruder partons particularly affect the radial jet momentum distribution because they contribute mostly at large angles ∆r with respect to the jet centre. The study stresses the importance of the jet overlap effect emerging in central lead-lead collisions at the LHC energes, while being negligible in peripheral PbPb or pPb/pp collisions.
I. INTRODUCTION
Jets are created in hard collisions between elementary particles like quarks, gluons or e + e − . The leading jet particles escape from the reaction zone with a large transverse momentum and fragment into an almost collimated flow of hadrons, called jet cone. These jets can be well identified and these processes are well studied, theoretically as well as experimentally. If the hard collisions are embedded in an environment, as is it the case in high energy heavy-ion collisions, the situation is more complicated. The leading jet particle may interact with the environment, the plasma of quarks and gluons (QGP) , what may lead to a transfer of energy and/or momentum to the QGP. Also the fragmentation of the leading jet particle into hadrons may be modified in the medium, especially for low energy hadrons which have a velocity equal or lower then the expansion velocity of the QPG. Both of these processes may change the distribution of hadrons in the jet cone and are presently under intensive study, theoretically as well as experimentally.
Most of the hadrons created in heavy-ion reactions come the from QGP and their multiplicity is quite well described by statistical model calculations. Therefore, they do not carry any information on the interaction among partons. Most of the jet partons do not come to equilibrium with the partons from the QGP. The hadrons from jets fragmentation may therefore be one of the few sources to obtain information about these parton-parton interaction. Jets are therefore very interesting objects and that is the reason for the present study.
One of the challenges of the study of jets in heavy-ion collision is the identification of those hadrons which are produced by the fragmentation of the jet and to separate them from the background hadrons which are produced when the QGP hadronizes. For this task jet finding algorithms, which reconstructs jets by clustering the final state hadrons, have been advanced with the goal to provide the best possible approximation to a clean theoretical calculation of a solitary jet possibly modified by the medium, but without the medium itself. This is a very tedious task. In essence, the present paradigm is that the jet and hence all its properties (observables) are defined by a jet clustering algorithm, therefore the only way to perform an apple-to-apple comparison with experiment is to run the same jet finding algorithm over theoretically simulated events. This is feasible thanks to an open-source 'industry standard' tool for the jet reconstruction, the FASTJET package [1] which incorporates most of the established algorithms for the jet reconstruction.
A basic observable in the jet physics which quantifies the medium modifications of jet properties in heavy ion collisions is a jet nuclear modification factor R AA (p T ) which is the ratio of the jets in a given transverse momentum p ⊥ bin observed in AA collisions to that observed in pp collisions properly weighted by the number of elementary pp collisions one expects (for a given centrality) in heavy-ion collisions. If a heavy ion collision is only a superposition of pp collisions and if jets are properly identified we expect R AA = 1 and any deviation from this values signals either that the jet creating partons have a different distribution in AA as compared to pp or that the jet is modified during its passage through the QGP. However, in heavy ion collisions -especially in central heavy ion events -not only a medium is created which modifies the jet properties and jet evolution, but also multiple hard scatterings happen in each event. Therefore the final states of the jets have significant chances to overlap in momentum space.
Another observable of interest is a jet shape, which actually consists of many different observables quantifying different aspects of the substructure of a jet [2] . Here we will be particularly interested in a radial momentum dis-tribution (sometimes referred to as 'jet shape' by CMS [3] ) which shows how the overall jet momentum is distributed in the jet cone, characterised by the jet radius R. Without medium effects and assuming a correct reconstruction of the jets it should be identical in pp and PbPb. ALICE and CMS collaborations recently studied the jet shape in PbPb and its modification with respect to the pp baseline at √ s NN = 2.76 and 5.02 TeV, respectively. CMS reports on the shift of the momentum away from the jet axis out to large relative angular distance [3] , which is supported by ALICE results [4] , however the error bars in the latter case are too large to provide a solid observation of the jet shape modification in PbPb.
The question how a partial jet overlap can affect the two above-mentioned observables -the jet momentum and the jet shape -is the topic of this article. In the present paper we investigate this aspect of the jet reconstruction with the widely used jet finding code FASTJET using the anti-k t algorithm for jets in PbPb collisions at the LHC energies simulated with EPOS3-Jet framework. We describe our modelling framework in Section II, introduce the concept of 'jet purity' in our modelling, which quantifies the magnitude of the jet overlap, and show the effects of jet overlap on the selected jet observables in Section III and conclude in Section IV.
II. MODEL
Initial state. An essential point of the study is that we use EPOS3 model [5] (version 3.238) to generate both hydrodynamic initial state and initial hard partons -seeds from which the jets develop. Each elementary N N interaction in the EPOS approach is treated in the Gribov-Regge multiple scattering framework. Each individual scattering is referred to as a Pomeron, represented by a parton ladder [6] [7] [8] . The initial hard partons are produced in the hardest process in each ladder, which can be identified as Born process.
The resulting transverse momentum spectrum of initial hard partons extends down to relatively low p ⊥ of a few GeV. As an example we show in Fig. 1 such transverse momentum spectrum for Pb-Pb collisions at √ s NN = 2.76 TeV energy (solid curve) . As one can see, in each central Pb-Pb collision at the LHC energy there are, within 4 units of rapidity, of the order of ten hard partons with p ⊥ > 10 GeV .
Experimental analyses usually set a p ⊥ trigger for the jet studies, e.g. one selects only the events with at least one jet with p ⊥ larger than a certain value, typically 50-80 GeV. We simulate such p ⊥ > 50 GeV trigger in our initial state calculations by setting a corresponding trigger to have at least one initial hard parton with p ⊥ > 50 GeV in an event, which results in the dashed curve on Fig. 1 . Unsurprisingly, the triggered events are still dominated by the partons with lower p ⊥ .
Jet evolution. The initial hard partons serve as seeds for jet evolution, which is performed with a Monte Carlo implementation [9] of DGLAP equations. The initial virtuality scale of the hard partons is set as
and the evolution of the jet (parton splittings) proceeds until all of the partons reach a lower virtuality scale Q 0 = 0.3 GeV. For the present study we do not apply a hadronization procedure to the final state of the jet, therefore what is discussed and presented below is on the parton level.
Also, for the purpose of present study all the medium effects are switched off, therefore the jets modelled in PbPb collisions do not have extra broadening -we call them pp-like jets. We made the latter simplification for the purpose of clarity of the message of the paper, since a particular form of the in-medium energy loss is not essential for the effects under discussion.
Jet reconstruction. The ensemble of partons coming from the fragmentation of one single jet particle we called modelled jet. The modelled jet is a purely theoretical quantity but well defined because we can follow the trajectory of all particles in the simulations. The modelled jet has to be confronted with the reconstructed jet or, in short, jet which is the ensemble of partons which a jet finding algorithm has identified as coming from the same jet. This is a quantity which can be compared to experiment. The final parton momenta of all modelled jets in a single event (partons at the virtuality scale Q 0 ), are transferred to FASTJET 3.3 [1] in order to perform the jet finding using the anti-k T algorithm. The QGP hadrons are not generated, therefore FASTJET is dealing with jet partons only. We make this approximation to avoid additional complication due to background subtraction or due to different hadronization schemes which have nothing to do with the message of this paper. FAST-JET then returns the list of reconstructed jets for each event.
III. RESULTS AND DISCUSSION
In Fig. 2 we display a randomly chosen jet event corresponding to central PbPb collision at the √ s NN =2.76
TeV energy. In this figure both, final state partons from the modelled jets (circles) and of the reconstructed jets (stars) are plotted in the η − φ plane, where η is pseudorapidity and φ is the azimuthal angle of a jet parton or a reconstructed jet. For the modelled jets, the symbol size of the partons is proportional to its momentum and partons from the same modelled jet have the same colour. One can see that in the most cases FASTJET identifies the jets correctly by calculating the location of each reconstructed jet around the 'center of momentum' of the final state of the modelled jet. However, two artefacts may happen: (i) some of the final state partons are too far from the core of the jet, to be clustered together with the rest of the partons into a corresponding (reconstructed) jet. This reduces the momentum of the jet as compared to the modelled jet.
(ii) The jet partons from different modelled jets may happen to be so close that they overlap in the η − φ space, and the jet finding algorithm clusters them together. In the case the momentum of the jet increases. Consequently, both effect can balance each other. How often do those happen actually? It is rather straightforward to quantify these effects of the jet finding algorithm with our simulated events. We know to which modelled jet and to which reconstructed jet each parton belongs by passing the jet index of each modelled jet parton to FASTJET via an auxiliary vari- able user index, and using this variable in the FASTJET output.
The number of partons in a jet is not an infrared safe observable. Therefore to quantify the effect we evaluate the fractions of momenta from different modelled jets in each reconstructed jet. One expects that each reconstructed jet contains a dominant momentum fraction from a particular underlying modelled jet plus smaller fraction(s) from the neighbouring modelled jets which partially overlap in momentum space.
For each reconstructed jet we calculate which fraction of its total momentum comes from which modelled jet. This way we can also see which modelled jet is dominant for each reconstructed jet.
The two artefacts of jet reconstruction discussed in the beginning of the section are clearly observed on Fig. 3 where we plot the distribution of difference between the dominant modelled jet and reconstructed jet. There one can see that indeed in most of the cases the difference is positive -meaning that the reconstructed jet momentum is smaller than the momentum of the corresponding modelled jet, and this part of the distribution does not depend much on the centrality of collision. This happens when the anti-k ⊥ algorithm leaves some of the modelled partons out, because they are too far from the rest in the η − φ space. There is however also a part of the distribution where the difference is negative -meaning that the reconstructed p ⊥ is larger. Interestingly one can see that the negative part is much more pronounced for 0-5% central case than for 45-55% central. This part corresponds to cases when the jet finding algorithm clusters together partons from neighbouring jets, even compensating for the left out partons from the corresponding modelled jet.
In what follows we will focus on the second artefact of the jet reconstruction -clustering together partons from neighbouring jets. We define a quantity which we call a 'jet purity', which is a fraction of the momentum of the reconstructed jet coming from the corresponding (dominant) modelled jet. The other fractions of the reconstructed jet momentum come from neighbouring modelled jets. On Fig. 4 we show a cumulative distribution of the jet purity for the simulations of 45-55% central PbPb events at the √ s NN = 2.76 TeV energy. The distribution shows the faction of jets which have purity equal or lower than x when reconstructed. The distribution is strongly peaked around 1, which means that almost all of the jets, reconstructed by FASTJET, have practically all of their momentum coming from a single underlying modelled jet. Here the jet finding works quite well. From the cumulative distribution one can conclude that only around 3% of the jets have their purity somewhat different from 1, which means that for around 97% of cases there is no "momentum contamination" from neighbouring jets in the reconstruction procedure. We move on to jets created in the most central (0-5% centrality) events at the same energy. Fig. 5 shows that the contamination increases with centrality. In this case around 30% of the jets have a "momentum contamination" from the neighbouring jets ranging from a small fraction to around 30% of their total momenta. Both, the jet p ⊥ selection as well as the jet cone size R in the jet finding algorithm, influence strongly the magnitude of the contamination effect, as one can see from Fig. 6 . On the top panel this is displayed for fixed jet p ⊥ threshold as a function of the cone size, whereas the bottom panel corresponds to fixed jet cone size R in the jet reconstruction algorithm and different p ⊥ selection of the jets. Increasing the jet cone size from R = 0.3 to R = 0.5 reduces to 50% the fraction of pure (uncontaminated) jets. This is expected as with larger jet cone size the chances to cluster together the neighbouring jets increase. We come now to the second jet observable which is employed to compare jets created in pp with those created in PbPb, the radial distribution of momentum within the jet cone with respect to the jet axis. For the jet shape analysis one sums over the ∆η, ∆φ bins which have a distance r = (∆η) 2 + (∆φ) 2 from the jet axis. There are slightly different definitions of the jet shape found in the literature, thus here we follow the CMS definition:
where the momenta of the tracks (hadron, or in our case parton) are summed up for each bin [(r − δr, r + δr)].
In Figs dominant modelled jet and neighbouring jets (intruders) to the momentum in a given r bin as well as the sum of the two, as a function of angle r with respect to the jet axis. In the bottom panels we show the relative contribution of the intruder jets as a function of this angle. For these plots we have selected jets with p ⊥ > 50 GeV. In Fig. 7 one can see that indeed the intruder jets contribute negligibly to the core (small r) of the reconstructed jet, whereas at the periphery (larger r) the intruder jets start to be non-negligible. From the bottom panel of Fig. 7 one can see that the neighbouring jets contribute with almost 20% at r = 0.25 to the momentum of the reconstructed jet. If the jet cone size is increased to R = 0.5, Fig. 8 , the intruder jet contribution stays the same at given r as for R = 0.3, but now the jet cone extends to larger r values -and the relative contribution of the intruder jets raises further with r to above 40%. Finally, in Fig. 9 we show the relative contribution from intruder jets to the jet shape as a function of r for different total momentum p ⊥ of the jet. Similarly to the previous plots, the contribution of the intruder jets to the total momentum increases with the opening angle, and one may note that it depends only weakly on the jet p ⊥ . The latter is again a consequence of the fact that most of the p ⊥ of the jet is localised at small cone angles (core of the jet), whereas the angular density of momentum in the jet corona (at large r) does not increase linearly with the p ⊥ of the jet -which keeps the contribution from the intruder jets significant, independent of p ⊥ . As the jet overlap is negligible in peripheral PbPb events, and consequently in pPb and pp collisions, the contribution of the intruder jets shown on Fig. 9 corresponds quantitatively to the relative modification of jet shape in central PbPb collisions as compared to the one in pp.
Therefore, as far as central heavy-ion collisions at the LHC energies are concerned, there seems to be no sweet spot for the jet cone size R in the jet reconstruction procedure. The smaller we chose the value of R the less numerous are the intruder partons from other jets but the more partons from the jet of the interest are 'lost' (clustered into other jets) in the reconstruction. We demonstrate it on Fig. 10 where we plot gain and loss fractions which we define as: essentially equal to (1-purity), as the total jet momentum is composed from the corresponding modelled jet and the intruder partons. In case of peripheral Pb-Pb (and by extension in p-Pb or pp) collisions the effects of jet overlap become small, therefore the gain term will drop down considerably whereas the loss term will stay on the same level. Therefore choosing a larger value for R for the jet reconstruction seems to be a safe option for peripheral PbPb collisions. Generally speaking, the presented results demonstrate the importance of the jet overlap effect for jet reconstruction in a busy heavy ion environment, both from experimental and from theoretical side. We believe that the jet overlap effect is corrected for (subtracted) in the experimental measurements of the total jet p ⊥ . However, such corrections are made in experiment on the observable-by-observable basis -they can't be globally applied to the whole set of analyses. More intricate observables especially such as the radial momentum distribution ρ(r) shown here, seems to be more tedious to thoroughly correct for in the experiment. For the radial jet momentum distribution CMS reports to perform a background subtraction in a statistical way based on PYTHIA+HYDJET simulations -which also removes the jet overlap effects. Somewhat different from that, in [3] ALICE reports the ratio of actual jet shape in PbPb events relative to the shape of PYTHIA jets embedded into actual PbPb events, as a proxy for the PbPb/pp ratio [11] . To our opinion the latter is a more direct quantification of the jet shape modification in PbPb, provided that PYTHIA describes the jet shape in pp accurately enough. However as one can see, the techniques for the background subtraction (including jet overlap subtrac-tion) are not standardised, new techniques such as machine learning are coming up and the goal is to provide a cleansed measurement which can be compared to a theoretical calculation of a solitary jet passing through the dense QGP medium. We have been presenting here, as well as previously [10] the calculations where jets are not solitary objects in PhPb collisions (especially in central events) at the LHC energies, and we expect more fullfledged jet event generators to appear in future. A goal of apple-to-apple comparison between theory and experiment will ultimately mandate to proceed with similar subtraction procedures on the theory side. Therefore we argue that in particular case of central PbPb events at the LHC energies it would be more practical and clear to compare reconstructed theoretical and experimental jets where the jet overlap effects are not subtracted in both cases.
IV. CONCLUSIONS
In high-energy heavy-ion collisions multiple hard processes take place in each collision event. We find that in central Pb-Pb collisions at the LHC energies jet overlap effects become an important issue for the jet reconstruction. We have conducted a model study with initial state from EPOS3 model, which generates a complete initial configuration including soft and hard partons and has been proven to describe the soft and the hard sector of heavy ion collisions at LHC energies. This initial state for a central Pb-Pb collision contains a number of jet seeds -hard partons -with p ⊥ > 10 GeV per event. Each initial hard parton is evolved from its initial high virtuality scale down to a lower virtuality scale Q 0 with Monte Carlo implementation of DGLAP equations. These jets evolve independently but can nevertheless overlap in momentum space. Standard jet finding algorithms like the (anti)-k ⊥ approach cannot distinguish between partons from the principal jets and those from neighbouring jets (intruder).
We obtained two major results: 1) the smaller the jet cone opening angle R (in the reconstruction algorithm) the less is the probability that intruder jets contribute to the momentum of the reconstructed jet but at the same time the smaller R the larger is the fraction of partons from the modelled (generator level) jet which are not clustered into the corresponding reconstructed jet. Therefore the reconstructed jets typically have a smaller p ⊥ than the modelled jets. The sum of both contributions, the gain of p ⊥ due intruder partons and the loss of p ⊥ due to partons from the principal jets which are outside of the jet cone can be negative or positive and depends on the jet opening angle R. Studying this effect as a function of R we find that there is no "sweet spot" which minimises both effects in central Pb-Pb collisions.
2) The partons from the intruder jets modify the jet shape even for jets with a p ⊥ as large as 80 GeV. The reason is that the p ⊥ of the principal jets is concentrated at low values of r whereas the partons from the intruder jets contribute mostly to large r values.
Experimental analyses include elaborate techniques to subtract the jet overlap effects along with other background contributions. However such techniques are not standardised, not always clearly described and are to some extent model dependent, e.g. PYTHIA jets are used as reference medium unmodified jets. In light of the results presented in this paper we argue that a more clear way is to compare reconstructed theoretical jets to experimental jets where jet overlap effects are not subtracted at both sides.
Here we limited our study to jets which do not interact with the medium. The influence of medium interactions on the jet shape and on the reconstructed p ⊥ will be subject of a future investigation.
